The distinguishing features of circular loop nanoantennas based on cylindrical nanorods are thoroughly investigated by using numerical simulations. In particular, resonances of the input impedance are related to the resonant behavior of the plasmonic mode of the straight nanowire, and the phenomena of strong field confinement into a small gap region and tuning of the scattering strength are analyzed in detail. Moreover, radiation pattern and polarization properties of loop nanoantennas are described, and a careful comparison with the characteristics of optical dipoles is carried out. Circuit models are widely used throughout this paper to predict and justify the behavior of the nanostructure.
Introduction
Optical antennas are key devices for the realization of complex nanocircuits characterized by wireless connectivity at the nanoscale [1] . Properties of simple nanoantennas (such as nanoparticles, dipoles, and Yagi-Uda antennas at optical frequencies) have been thoroughly investigated in the literature over the past few years; in particular, differences and similarities of these nanostructures with their counterpart at radio frequency (RF) have been illustrated [2] . As is well known, applications of optical antenna technology are certainly not limited to the envisaged possibility of deploying nanocommunication systems but include also photovoltaics, imaging, signal processing, nonlinear optics, and much more [2] .
Theoretical research activity in this field is concentrated on one hand on the development of novel paradigms and modeling techniques (including circuit models) that will be useful for design and analysis of nanoantennas (see, for example, [3] - [5] ). On the other hand, properties of more complex geometries are investigated to fill up the designer toolbox with different structures characterized by heterogeneous characteristics. In this context, the loop geometry, which is considered as fundamental as the dipole at RF [6] , has recently received increasing attention from the scientific community [7] . Indeed, many theoretical and experimental works concerning split-ring resonators at optical frequencies have been reported [8] - [11] . At the same time, saturation of the magnetic response of these structures in the infrared and optical regime has been demonstrated [12] , and alternative ways to realize pure magnetic antennas in optics have been envisaged [13] . A detailed analysis of the characteristics of loop nanoantennas, in view of the connection with other elements to form plasmonic circuits, should include an investigation of the behavior of input impedance, and proper equivalent circuits for the antenna should be proposed. Nevertheless, to the best of the author's knowledge, this thorough study is still lacking in the literature.
In this paper, the peculiar properties of circular loop nanoantennas are investigated, with great emphasis on the issue of circuit modeling of these nanostructures. The behavior of the input impedance is studied and related to the dispersive properties of the straight nanowire, and other interesting characteristics of loop antennas at optical frequencies (field enhancement, scattering strength, radiation pattern, polarization) are investigated. Numerical results are illustrated and justified and, at the same time, compared with the well-known properties of dipole nanoantennas.
Numerical and Circuit Modeling
A cylindrical nanowire made of silver (described by a Drude model with 1 ¼ 5, plasma frequency f p ¼ 2:175 PHz, and collision frequency ¼ 4:35 THz) with radius a ¼ 5 nm and length L ¼ 110 nm has been considered. A dipole nanoantenna can be obtained by introducing a gap region with thickness g ¼ 3 nm in the middle of this straight nanowire; it is worth noting that this structure has been widely studied in the literature (see [3] and [4] ). Instead, in this case, the nanorod is bent to form a torus with radius R ¼ 17:5 nm (corresponding to a circumference equal to L ¼ 110 nm), with the introduction of a gap region covering an arc with length g ¼ 3 nm (see Fig. 1 ). It is important to notice that the gap region was terminated as in a split-ring resonator; therefore, the feeding region is not cylindrical.
The behavior of the loop nanoantenna has been analyzed in a large range of frequencies between 100 and 700 THz (from visible to infrared light). The parameters of interest were calculated through full-wave simulations performed by using both a finite-element commercial solver (Comsol Multiphysics) [14] and a commercial software for RF design based on the finite-integration technique (CST Microwave Studio) [15] ; it is important to note that results obtained by using different methods exhibit excellent agreement. Concerning circuit modeling of the loop nanoantenna, standard equivalent circuits commonly used at RF [6] , with the modifications proposed to take into account the effect of the gap region [3] , [4] , have been employed. The main issues related to the calculation of the input impedance (and, more in general, of the equivalent circuit) of optical antennas are widely described in some of the reported references [3] , [4] , [16] . Here, the focus is put only on the results of the application of those procedures to the case of loop nanoantennas. The intrinsic loop antenna impedance is called Z ant ¼ R ant þ jX ant , where R ant is the intrinsic loop resistance (which is the sum of radiation and loss resistance R rad and R loss ), and X ant is the intrinsic loop reactance. Z L is the load impedance, and the input impedance can be evaluated as the parallel combination between the intrinsic loop impedance Z ant and the load impedance Z L [3] , [4] . The gap voltage V gap , which is recorded in the middle of the feed-gap, and the open-circuit voltage V oc can be related by the voltage divider formula
Þ by following the nanocircuit paradigm [17] .
Input Impedance
Evaluation of the input impedance of optical antennas is a fundamental issue, since it has already been demonstrated that the design of effective nanocircuits can be performed by imposing the well-known impedance matching condition between the connected elements [1] . The characteristics of the input impedance of loop antennas at RF are reported in many books on antenna theory (see, e.g., [6] ), wherein the main parameters of the antenna are shown as a function of the circumference of the loop normalized with respect to the free-space wavelength. At optical frequencies, it is expected that a similar trend can be found, but with a normalization factor equal to the effective wavelength of the plasmonic mode (i.e., the TM 0 mode) propagating along the loop. Moreover, in spite of the small bending radius of the wire, it is envisaged that the behavior of the loop nanoantenna can be in some way related to the dispersive properties of the plasmonic mode of the straight nanowire, as has already been demonstrated in the case of optical dipoles [5] . In Fig. 2 , the ratio between the circumference L of the bent nanowire and the effective wavelength eff of the principal mode of the straight metallic cylinder is depicted as a function of frequency. In the following paragraphs, it will be demonstrated that plots of the main parameters of the loop nanoantenna as a function of L= eff can be helpful to get a better physical insight into the operation of the structure.
Even if the circumference (and all the geometrical parameters) of the loop is fixed, the large frequency range that was chosen for computation allows the investigation of the properties of the antenna in a wide window wherein the nanoantenna can be considered a small loop ðL= eff ( 1Þ at lower frequencies and a large loop ðL= eff 9 1Þ at higher frequencies. In Fig. 3 (a), intrinsic and input reactance are depicted, whereas in Fig. 3 (b), intrinsic and input resistance are reported. The small loop is characterized by an inductive behavior, as it is possible to also see at RF [6] ; indeed, the reactance curves start from positive values at low frequencies. Then, with increasing frequency, the intrinsic reactance hits a strong open-circuit resonance around 220 THz, which is strongly redshifted to 190 THz by the capacitive contribution of the gap region (see also the corresponding peaks of the intrinsic and input resistance in Fig. 3(b) at the same frequency positions). The second zero of the reactance curves is located at 472 THz, and it corresponds to a short-circuit resonance; indeed, the capacitive load does not affect the behavior of the antenna, and thus, intrinsic and input reactance cross zero at the same frequency and the value of input resistance is quite low (about 30 ). The following resonances are an open-circuit resonance of the intrinsic impedance at 544 THz, which is then red-shifted to 521 THz by the effect of the load, a short-circuit resonance of the intrinsic and the input impedance at 654 THz, and so on, with increasing frequency.
As anticipated, it is quite interesting to relate the results concerning the input impedance of the loop nanoantenna, which are reported in Fig. 3 with the normalized dispersion relation shown in Fig. 2 . In particular, the black circles in that figure indicate the resonant frequencies (zeros of the input reactance X in ). It is expected that the resonant frequencies are in some way related to integer multiples of the half-wavelength resonance condition (L= eff ¼ m Á 0:5, with m ¼ 1; 2; 3; 4 . . .). Nevertheless, in this sense, the behavior of open-and short-circuit resonances is rather different. In fact, open-circuit resonances (which strongly feel the effect of the gap region) are located at smaller frequencies with respect to what is predicted by this simple model; the first resonance ðm ¼ 1Þ of the loop is at L= eff ¼ 0:27 (instead of 0.5), whereas the third resonance ðm ¼ 3Þ is at L= eff ¼ 1:22 (instead of 1.5). Anyway, notice that the distance between these normalized values is very close to 1, as expected. On the other hand, as it was shown in the previous paragraph, short-circuit resonances are not affected by the presence of the feed-gap; indeed, the second resonance ðm ¼ 2Þ is located at L= eff ¼ 1:01, and the fourth one ðm ¼ 4Þ is at L= eff ¼ 2:05. These results then exhibit an excellent agreement with the model based on the resonance condition of the plasmonic mode of the straight nanowire (see Fig. 2 ). In conclusion, the reported analysis confirms that the behavior of the input impedance of loop antennas at optical frequencies can be derived from properties of the same antenna at RF (see [6, Ch. 5] ), provided that the plasmonic nature of wave propagation is taken into account by considering the effective wavelength of the principal mode of the straight nanowire instead of the free-space wavelength. Moreover, it is possible to infer that the large field confinement toward the metallic surface permits the effects due to strong bending of the wire to be minimized. Last, but not least, it should be noticed that the described properties of loop nanoantennas are related to those of dipole nanoantennas [3] by duality (in the sense of circuit theory).
Normalized current distribution along the loop nanoantennas in the transmitting mode has been evaluated to provide a further validation of the previously reported results and with the goal of completing the comparison with dipoles. As in the case of nanodipoles [4] , current has been calculated as the circulation of the magnetic field at each section of the nanowire; in the specific case, this quantity is plotted in Fig. 4 as a function of an angle in the xy -plane. Notice that 0 corresponds to positive values of the x coordinate; therefore, the gap region is centered around 180
. Results are evaluated in correspondence of the first four resonances of the input impedance and are reported with increasing frequency. In Fig. 4(a) , it is possible to see a clear signature of a half-wavelength resonance ðm ¼ 1Þ, with a current node in the middle of the gap region that justifies the open-circuit nature of this resonance. Fig. 4(b) depicts one period of a sinusoid, with maximum value near the gap; this is clearly a one-wavelength short-circuit resonance ðm ¼ 2Þ. In Fig. 4(c) , it is possible to see oneand-a-half periods of a sinusoid ðm ¼ 3Þ, with an open-circuit resonance due to almost zero current at the feed-gap. Finally, in Fig. 4(d) , the shape of the current distribution resembles two periods of a sinusoid ðm ¼ 4Þ, and the large magnitude of the current flowing into the gap confirms that this is a short-circuit resonance.
The behavior of the radiation efficiency has been investigated as a function of frequency. It is useful to recall that this parameter, which is an important figure of merit for an antenna [6] , can be calculated as ¼ R rad =ðR rad þ R loss Þ, where R rad and R loss have been previously defined. In Fig. 5 , the radiation efficiency is shown as a function of L= eff , and the four resonances of the structure have been indicated by black circles. It is possible to note that the loop nanoantenna is characterized by maximum efficiency when the circumference of the bent nanowire approaches one effective wavelength. As a consequence, only the second (short-circuit) and the third (open-circuit) resonances have acceptable radiation efficiency, whereas the fundamental resonance exhibits very poor radiation properties. This point will be developed in the following sections.
Field Enhancement
As is well known, one of the main features of nanoantennas with small gap regions is the capability of strongly confining the electric field beyond the diffraction limit. Here, the behavior of the structure has been investigated by impinging onto the loop with a plane-wave with unitary amplitude and by recording the magnitude of the electric field in the middle of the gap region. A preliminary observation concerning polarization of the field is necessary. Indeed, it was verified that, as already observed in the literature [11] , the orientation of the gap dictates the polarization properties; in this case, only y -polarization experiences strong field enhancement, since the axis of the quasi-cylindrical gap region placed between two metallic plates is along the y -direction (see Fig. 1 ). It is worth noting that this is a distinguishing feature of loop nanoantennas with respect to dipoles, which are instead characterized by a fixed polarization (parallel to the nanowire axis).
In Fig. 6 field enhancement (i.e., voltage over gap thickness g) is reported for a plane-wave incident from the x -direction with y -polarization; the same results have been obtained for incidence from the z-direction (see the section dedicated to radiation patterns for more details). Gap voltage V gap and open-circuit voltage V oc exhibit large peak values (field enhancement between 250 and 400) exactly in correspondence with the peaks of input resistance R in and intrinsic resistance R ant , as expected. A comparison with the characteristics of the dipole nanoantenna obtained from the nanowire with the same geometrical and optical parameters [4] reveals that the loop nanoantenna permits a good field enhancement at two different frequencies (corresponding to the first and the third resonance) to be achieved, but the maximum value of enhancement is smaller with respect to the case of the dipole. Notice also that magnitude of the electric field over the gap is not uniform in the transverse direction x (differently to the case of a straight wire) due to bending. In particular, field enhancement is stronger moving from the exterior toward the interior part of the loop, where the gap thickness tends to be slightly smaller (see Fig. 1 ). Nevertheless, the circuit model based on the evaluation of the gap voltage as the line integral along the y -direction in the middle of the gap region seems to work well, as demonstrated by the excellent agreement between the evaluated load reactance and the lumped-circuit model [see inset of Fig. 3(b) ].
A careful inspection of field profile is helpful to understand the behavior of the structure. Therefore, magnitude of the electric field in a xy-plane cutting the torus in the middle (at z ¼ 0) is reported in Fig. 7 , wherein the field has been evaluated near the first four resonances of the input impedance. Fig. 7 confined to the gap region, as predicted in Fig. 6 by the presence of the two peaks. Conversely, Fig. 7 (b) and (d) depict a plasmonic mode propagating along the loop that is only barely affected by the feed-gap region and by the strong bending of the nanowire. It is worth noting that this is coherent with the perfect agreement between the calculated short-circuit resonances of the input impedance and predictions coming from the analysis of the resonance condition of the plasmonic mode of the straight nanorod (see Fig. 2 ).
Radiation Pattern
The radiation pattern of the circular loop nanoantenna exhibits interesting and peculiar features with respect to the same geometry at RF. In the microwave regime, loop antennas are usually made of very thin perfectly conducting wires. It is well known that a small loop at RF behaves as a magnetic dipole oriented along the axis orthogonal to the loop itself, and it is characterized by an omnidirectional radiation pattern (the classic doughnut shape) [6] . With increasing radius of the loop, the radiation pattern strongly changes; in particular, the one-wavelength loop exhibits maximum radiation along its axis, whereas structures with larger values of the circumference are characterized by the birth of multiple lobes. Also, directivity is strongly dependent on the normalized circumference L=; in fact, it gradually increases and reaches a value of 2.2 for the one-wavelength loop, and then it starts decreasing when L= is larger than 1.4 [6] .
The radiation patterns of the loop nanoantenna have been calculated in correspondence of the first four resonances of the input impedance by using CST Microwave Studio with a discrete-port excitation; it is worth noting that finite-element simulations performed in the receiving mode exhibit excellent agreement with CST results. In Fig. 8 , radiation patterns in the xy -and xz-plane, which are evaluated at the first resonance of the structure, are reported. The doughnut shape, which is typical of a dipolar emitter, is clearly visible; indeed, directivity is equal to 1.5. Shape of the pattern and directivity are practically unchanged over a large bandwidth that covers hundreds of terahertz. Only at the fourth resonance (around 654 THz, where L= eff ¼ 2:05) do some sidelobes appear (that pattern is not shown here), and maximum directivity increases to 2.6. It is fundamental to emphasize that the orientation of the quasi-cylindrical gap region (y -axis) coincides with the axis of the doughnut pattern; as a consequence, it is possible to conclude that the loop nanoantenna has radiative properties similar to those of a dipole nanoantenna oriented along the direction indicated by the feed-gap (as it is confirmed also by the discussion about polarization). Moreover, it is envisaged that the absence of a strong magnetic response can be related to the phenomenon of saturation of magnetic effects in ring structures at very high frequencies [12] . 
Scattering Strength
The possibility of tuning the scattering strength of split-ring resonators (i.e., bent nanowires with a gap) has already been demonstrated and widely discussed in the literature [8] - [10] . Moreover, the application of circuit models for the estimation of power scattered by optical dipoles has been proposed, and non-trivial results have been reported [4] . It is worth noting that the issue of calculation of scattered power starting from the antenna equivalent circuit is a controversial and discussed aspect in the field of antenna theory even nowadays [18] . As a consequence, a thorough analysis of the scattering properties of the loop nanoantenna is reported in this section.
In Fig. 9(a) , scattered power as a function of frequency is depicted when a y -polarized planewave with unitary amplitude is incident from the x -or z-direction. The black line reports results from full-wave simulations, whereas blue and red lines are related to the power dissipated by the radiation resistance R rad , which is calculated by using the Thé venin and Norton equivalent circuits, respectively. Results are coherent with what has been illustrated in [4] in the case of optical dipoles, but some peculiar characteristics of the loop geometry can be identified. In particular, the only clear peak of scattered power is positioned near the second peak of input resistance (third resonance of the input impedance), and it is predicted with good accuracy by both equivalent circuit models. At the same time, as observed in [4] , results from the Thé venin model are characterized by a spurious peak exactly corresponding to an open-circuit resonance of the intrinsic impedance (in this case at 544 THz), whereas the Norton model provides a spurious peak exactly around a short-circuit resonance (at 473 THz) [4] . Moreover, all the reported data clearly confirm that, as already reported in the literature, scattering is almost suppressed at the fundamental resonance of a strongly bent nanowire [8] - [10] ; indeed, the first open-circuit resonance is at 190 THz, where the input resistance has a strong peak; nevertheless, scattered power at that frequency is negligible. This phenomenon has been justified by cancellation of the electric-dipole moment in favor of a less-radiant magnetic dipole [8] . Notice that this result is in agreement with the behavior of the radiation efficiency, which is shown in Fig. 5 . Finally, Fig. 9 (b) depicts scattered power as a function of frequency when a x -polarized plane-wave is incident from the y -or z-direction. In this case, circuit models are useless, since they have been defined with the y -axis as a preferential direction because of the orientation of the gap region. Nevertheless, it is worth noting that the loop nanoantenna is also a good scatterer for x -polarization, with only one peak located at 462 THz, which is very close to the one-wavelength resonance condition.
Conclusion
A thorough analysis of the peculiar characteristics of a circular loop nanoantenna has been presented. It has been demonstrated that the behavior of the input impedance can be related to the dispersive properties of the plasmonic mode of the straight nanowire. Moreover, the capabilities of this structure of confining the optical field into a small gap region, and the possibility of tuning the scattering strength, have been studied by using full-wave simulations and circuit models. Last, but not least, differences and similarities between loop and dipole nanoantennas have been deeply investigated and illustrated, with a particular emphasis on the shape of the radiation patterns and on the polarization properties.
